Metal pollution has been a major environmental problem in China with the increasing industrialization. The prediction of metal toxicity is extremely challenging due to the complex metal handling and sequestration strategies of different aquatic organisms. In this review, the recent progress made in this area is discussed. In particular, the subcellular partitioning model which has gained recognition in recent years is highlighted. The subcellular partitioning model appears to be dependable for predicting the toxicity in unicellular phytoplankton. It is important to understand the differential ways that metals bind to different subcellular pools and their ecotoxicological significance in aquatic organisms under different exposure regimes. It is also critical to appreciate that every metal is unique to each aquatic species. Despite the huge progress made over the past 30 years, much remains to be done to fully understand metal toxicity in aquatic organisms. metal pollution, toxicity, aquatic organisms, subcellular distribution, metal sensitive fraction, biologically detoxified metals
Metal pollution in the aquatic environment has been a classical environmental problem in China. As such, numerous studies have been conducted to determine the toxicities of metals to different aquatic organisms over the past several decades. With increasing industrialization in China, incidents of metal pollution in the aquatic environment have risen sharply and are frequently reported by the media [1] . Some of these incidents have seriously affected human health. It is now becoming a significant challenge for both local and central governments to address this classical environmental problem. Based on the policy approved in 2011 for controlling heavy metal pollution, the release of metals (Pb, Hg, Cr, Cd and As) into the environment is expected to be reduced by 15% by the end of 2015 compared to 2007 levels.
Extensive studies dating back to the early 1980's have been conducted to examine the acute and chronic toxicities of metals to different aquatic organisms [2] . The purposes then were to quantify the lethal concentrations (LC 50 ) or effect concentrations (EC 50 ) of different metals under different environmental conditions (e.g., temperature, pH, salinity, and others). Much information on the LC 50 /EC 50 of metals was gathered during this period of study. However, these early studies simply related the exposed ambient concentrations to the toxicological endpoints such as mortality and growth which can be readily measured. Most of the exposed concentrations examined were simply the nominal metal concentrations (spiked concentrations). There were very few studies that directly measured the actual metal concentrations in the exposed medium, not to mention the free metal ion concentrations that are now frequently reported in toxicity studies.
Over the past 30 years, there have been major breakthroughs in studying the metal toxicity in aquatic organisms. Such breakthroughs mainly resulted from the collaboration between chemists and biologists since the chemistry and biology of metals are interrelated. In fact, the interface between biology and chemistry of metals is one of the most fascinating and challenging research areas in environmental science. Some of the major progress made in the past 30 years in understanding and predicting metal toxicity can be summarized as follows.
First, metal speciation can significantly affect the toxicity of metals [3, 4] . This has been one of the most active research areas over the past decades. The free ion activity model (FIAM) suggests that the free metal ion is generally the most bioavailable and toxic species [3] , although there are many exceptions to this general statement depending on the metals, environmental conditions and organisms. These exceptions are the focus of another longstanding research area, and the influences of metal speciation on metal uptake and toxicity are far from clear. The major contribution of the FIAM is probably more conceptual than practical, in that one really needs to address the chemistry of metals before studying the metal toxicity. Simply reporting the total metal concentrations makes it difficult to generalize the findings to other organisms.
Second, it is now well recognized that metals are bound to many different biological ligands in the organisms [5, 6] . One example of a biological ligand is the metallothionein (MT), a low molecular weight and cysteine-rich protein with metal homeostasis and detoxification functions. Biological ligands differ in their metal toxicity and sequestration functions, and presumably in their bioavailabilities to higher trophic level. Such complex binding to different biological pools renders it very difficult to directly link the body concentrations and the toxicity together. Thus, an organism with a very high body accumulation may not necessarily be affected by the metals, and an organism with a low body concentration may not necessarily be immune to the metals. In contrast to the many organic contaminants, it is rather difficult to predict the toxicity of metals using the tissue residue approach.
Third, the bioaccumulation of metals in aquatic organisms can now be accurately predicted using the biokinetic modeling approach [7, 8] . We now have a better understanding of why a particular organism can accumulate a certain amount of metals in their tissues. Similar to the FIAM, the significance of kinetic modeling is probably more conceptual than practical. The model provides a realistic framework to study the bioaccumulation of metals under different conditions. For aquatic animals, there are two basic routes of exposure: aqueous and dietborne. These two routes of exposure were first recognized in the 1970's, but separating them was technically very challenging. Experimental design to separate these two exposure routes is limited by the complicated conditions that the organisms encounter in real environmental settings. With the application of the biokinetic model, a major breakthrough was made over the past decade in recognizing the quantitative importance of dietary exposure (trophic transfer) in most aquatic animals. We now know that in nearly all the major predators (e.g., marine fish and gastropods) and depositfeeding animals, dietary exposure is the predominant route by which the metals are accumulated.
The delineation of metal exposure has significant implication for studying the toxicity of metals [9] . The traditional approach of conducting toxicity testing with only aqueous exposure may thus be unable to reflect the real situation in the natural environments where aquatic animals accumulate metals mostly through trophic transfer (dietary route). Water quality criteria established based on waterborne metal tests may not be able to protect aquatic organisms. Dietary exposure and its implications will continue to be a major research focus in toxicity studies in the future.
In this review, I will mainly address the prediction of metal toxicity in aquatic organisms. It is not the purpose of this review to summarize all the toxicity tests of different metals in different aquatic organisms. Instead, I will review approaches to predicting metal toxicity, in particular the subcellular approach being developed over the past few years [10] .
The free ion activity model and the biotic ligand model
Several approaches are now available to predict the toxicity of metals to aquatic organisms, including the free ion activity model (FIAM), the biotic ligand model (BLM), and the subcellular partitioning model (SPM) (Figure 1 ). The FIAM was first developed in the 1970's and was reviewed by Campbell [11] . Strictly speaking, the FIAM is used only to predict the uptake/bioavailability of metals instead of the toxicity since it only deals with the transport of metals across the biological membranes. The applicability of FIAM has been tested in many organisms under different conditions. The model can now be considered a conceptual model to explain the relationship between metal speciation and metal bioavailability/toxicity. Two main processes are considered in the FIAM: the kinetic exchange on the cell surface of the free ion metal species and the internalization. In essence, FIAM is a chemical equilibrium model and does not consider the complicated handling/sequestration of metals inside the organisms.
The BLM was first proposed by Di Toro et al. [12] . Since its first publication, their paper has been cited over 420 times, highlighting the rapid development of the model and its applications to predict the toxicity of metals in aquatic organisms. This model is essentially based on the FIAM but provides a better understanding of metal chemistry and physiological effects (Figure 2 ). Most of the earlier studies were based on the fish gills, considered to represent the biotic ligands, with some further studies on small organisms such as phytoplankton and daphnids. One of the main drivers for the development of the BLM was the very extensive studies of the binding of metals to the fish gills (especially the rainbow trout as the model species), including the binding density and stability constant which are affected by competing ions and other physicochemical parameters. Fish gills are generally sensitive to metal toxicity and are the main sites for different physiological functions such as acid-base balance, gas exchanges, ion pumps and waste excretion. In this regard, it is reasonable to select fish gills as the sensitive organs in developing the BLM. Therefore, one of the most important assumptions for the BLM is that the biotic ligand must be sensitive to metal toxicity.
The BLM can be considered an extension of the FIAM since it is used to predict the degree of metal binding at the site of action and this level of accumulation is in turn related to a toxicological response [13] . Both models are based on several assumptions and a number of exceptions have been documented [14, 15] . Similar to the FIAM, the BLM is an equilibrium model, but the main contribution of this model is that it incorporates basically all the main frameworks of ecotoxicology, namely speciation (chemistry), bioaccumulation (bioavailability) and toxicity. The framework of the BLM is shown in Figure 2 . With the known toxic metal concentrations in the biotic ligands (e.g., fish gills) and the binding stability constant, the model calculates the likely toxic metal free ion concentrations in the environments, and the likely toxic metal concentrations by considering metal complexation (dissolved organic matter) As expected, development of the BLM would require numerous parameters that are site specific, such as the relationship between toxicity and biotic ligand metal concentration, the binding stability constants of metals and the biotic ligands, and the chemical compositions of the medium. Given such major requirements for the development of the model, it is applicable to only a few metals at present (such as Cu, Ag, Zn, Ni) and a few model species such as fish, phytoplankton and daphnids. More studies are needed for other metals and other aquatic species. It will be a challenge to develop such a model in large aquatic species in which metal biology is much more complicated (as will be detailed later). Selecting the "right" sensitive biotic ligand will also be a major challenge since the site of toxic action is not simply the fish gills. Gills in marine fish are not the only site of metal uptake; there are other available sites for metal entry into the marine fish (e.g., gastrointestinal metal uptake). In addition, the variability of the binding stability constant still needs to be verified under different conditions; this will be an important area of further study.
Most of the applications of the BLM are on acute toxicities of metals, with few addressing the metal chronic toxicity. This is somewhat understandable since the binding of metals during chronic exposure may be fundamentally different from that under acute exposure. In this regard, it is critical to study how metals are distributed in the organisms during chronic exposure. In addition, the application of the BLM to dietary exposure is still in its infancy.
The subcellular partitioning model
It is well known that metals are bound to different subcellular fractions, each with its own biological significance. The metal handling and sequestration strategies of different aquatic organisms are extremely complex. Both the FIAM and the BLM are chemical equilibrium-based and neither considers the internal metal fractionation (or handling). Over the past decade, with the application of differential centrifugation and physical and chemical treatments, it is possible to fractionate the cellular metals into five different fractions: the cellular debris, organelles, metal-rich granules (MRG), heat-denatured proteins (HDP), and heat-stable proteins (HSP) [16] [17] [18] [19] [20] . These methods are now routinely used to study the distribution of metals in different subcellular fractions, and the studies have demonstrated the importance of these fractions in trophic transfer. About 10 years ago, Wallace et al. [20] further proposed the metal sensitive fraction (MSF) which combines organelles and HDP, and the biologically detoxified metal fraction (BDM) which combines MRG and HSP. The MSF is considered the target of attack of metals in cells, while the BDM is considered to alleviate toxicity. In another paper, Wallace and Luoma [21] proposed the trophically bioavailable metal (TAM) fraction which combines organelles, HDP and HSP. Over the past few years, many studies have been conducted to examine the usefulness of the TAM in predicting the trophic transfer of metals, and the results are often more cautious than certain [22] . For example, the definition of the TAM excludes the cellular debris and the MRG fractions, but studies using purified fractions have demonstrated that metals in these two fractions are indeed also bioavailable to predators [23, 24] . However, it does make ecotoxicological sense to consider MRG and HSP as the BDM, and to consider HDP and organelles as the MSF.
A large dataset is now available on the subcellular distribution of metals in different groups of aquatic organisms under different environmental conditions. In recent years, several studies have attempted to address whether the subcellular partitioning can provide a reasonable prediction of metal toxicity. Wang and Rainbow [10] termed it the subcellular partitioning model (SPM) (Figure 3 ). This approach can be considered an extension of the tissue residue approach as it considers the critical sites of metal toxic actions. In other words, it combines the total tissue residue concentration and the subcellular fraction to predict the toxicity of metals. The premise of the SPM is that the total concentration of metals in the biological tissues cannot predict metal toxicity given the complexity of metal binding. This is somewhat in contrast to the organic contaminants since the lipid soluble fraction may be the major toxic action of these compounds.
Phytoplankton
Thus far, tests using the SPM have mostly focused on small marine phytoplankton and freshwater cladocerans. Miao and Wang [25] tested the accumulation and internal distribution of Cd in a marine diatom Thalassiosira weissflogii and dinoflagellate Prorocentrum minimum. They divided the cellular metals into soluble and insoluble metals, which were separated by ultra-centrifugation of the cellular homogenates at 235 kg for 30 min. They found that among the different types of Cd concentrations, the soluble Cd was the best predictor (among intracellular Cd, adsorbed Cd, and [Cd 2+ ]) of Cd inhibition of algal growth and photosynthesis under different nutrient conditions. In this study, the five subcellular fractions were not separated, but the insoluble fraction was probably a combination of MRG, cellular debris and organelles, and the soluble fraction was probably a combination of HDP and HSP. In the diatom T. weissflogii, Cd was mostly distributed in the insoluble fraction, whereas in the dinoflagellate P. minimum, Cd was more evenly distributed between the insoluble and soluble fractions. The difference in toxicity among cells treated with different nutrients was the smallest when the Cd concentration in the soluble fraction was used, suggesting that it may be the best predictor of Cd toxicity under different nutrient conditions. In another study, Miao and Wang [26] examined the accumulation and subcellular distribution of Cu in the same diatom T. weissflogii under different nutrient conditions (N and P enrichment and starvation, and different N sources). Among the different Cu concentration parameters examined (intracellular Cu, adsorbed Cu, and [Cu 2+ ], and subcellular Cu), the intra-Cu was the best Cu toxicity predictor since it accounted for most of the Cu-induced response between cells treated with different nutrients. For example, there was a 142× difference between the highest and lowest [Cu 2+ ]-IC 50 (median inhibition concentration), but only a 3.9× difference between the highest and lowest intra-IC 50 , in diatoms treated with different nutrients. The study provided new insights into predicting Cu toxicity using the metal intracellular concentration and its subcellular distribution.
In subsequent experiments, the distribution of metals in the phytoplankton was further divided into the five subcellular fractions described above instead of just the soluble and insoluble fractions [27, 28] . In a series of studies, Wang and Wang [27, 28] explored whether patterns in cellular or subcellular Cd distributions could be a good predictor of Cd toxicity in marine diatoms Thalassiosira nordenskioeldii, under different light irradiance and temperature conditions. In these studies, they separated the Cd in the diatoms into the five biologically relevant fractions (MRG, cellular debris, organelles, HDP and HSP) and also considered the partitioning of Cd to two subcellular compartments comprising MSF and BDM. In this diatom, Cd was mostly bound to HSP, and was redistributed with increasing [Cd 2+ ] concentration from the BDM to presumably the MSF, leading to higher cellular Cd accumulation, toxicity and sensitivity. Interestingly, the calculated IC 50 based on MSF or organelles exhibited the smallest variance among the different irradiance treatments, suggesting that MSF or organelles may be the best predictor of Cd toxicity under different irradiance levels ( Figure 4) . In contrast, the calculated IC 50 s of [Cd 2+ ] differed by 3.9× among the different irradiance treatments, thus differences in Cd toxicity cannot be entirely explained by [Cd 2+ ] because the diatoms displayed different bioaccumulation potentials. In this study, there was similarly a strong correlation between the cellular accumulation (surface adsorbed-Cd, total cellular Cd and intracellular Cd) and the growth rate inhibition, and the BLM may be reasonably used to predict Cd toxicity in marine diatoms. This study provided the first experimental evidence that the MSF can predict Cd toxicity in marine phytoplankton.
Wang and Wang [28] then used a similar approach to test Cd toxicity in the same diatom T. nordenskioeldii under different temperatures, coupled with the measurements of thiol induction. In their study, a higher temperature increased the Cd toxicity due to increased cellular Cd accumulation or a poorer detoxification ability. Again, Cd concentration in MSF or organelles served as the best indicator of Cd toxicity in diatoms at different temperatures since the difference among the different temperature treatments was the smallest among the different Cd-concentration based indicators (Figure 4) . The organelle Cd (org-Cd) based IC 50 and MSF-based Cd-IC 50 values were also directly comparable with those determined under different irradiances [27] quantified under the same conditions, which suggested the high reproducibility of these values.
It has been well recognized that phytoplankton synthesize phytochelatins (PCs) with a common structure of (-EC) n -Gly (PC n , n=2-11) under metal stress conditions [29] . PCs are rich in cysteine and chelate metals through thiol groups in their amino acids, playing an important role in metal detoxification and tolerance in plants. Wang and Wang [28] also found that PCs were induced by [Cd 2+ ] and PC-SH (2×PC 2 +3×PC 3 +4×PC 4 ) is a biomarker for cellular Cd stress given the significant relationship between the intracellular Cd and PC-SH concentration. Nevertheless, there may be additional detoxification mechanisms for the diatoms since the intracellular Cd/PC-SH ratio did not always explain the temperature-dependent Cd tolerance.
In another study, Wang and Wang [30] attempted to explain the differential Cd sensitivity in three marine phytoplankton (the diatom Thalassiosira pseudonana, the dinoflagellate Prorocentrum minimum and the green alga Chlorella autotrophica), again, based on Cd accumulation, subcellular distribution, and PCs synthesis. Among these three species, the diatom T. pseudonana was the most sensitive, and C. autotrophica was the most tolerant, while the dinoflagellate P. minimum was in-between. Subcellular distribution appeared to explain to some extent the difference in Cd tolerance among the three phytoplankton species. For example, C. autotrophica had the highest percentage of cellular debris-Cd, which helped to reduce the amount of intra-Cd ending up in the MSF. Indeed, this green alga had the lowest org-Cd concentration, whereas the diatom T. pseudonana had the highest org-Cd, corresponding to their relative tolerance to Cd. T. pseudonana had the lowest percentage of Cd in the cellular debris fraction. The IC 50 values calculated from org-Cd showed the least variation compared with other subcellular pools (Figure 4) . These results strongly indicated that org-Cd may explain the interspecies difference in Cd sensitivity, similar to earlier studies conducted under different temperature and irradiance conditions [27, 28] . In this study, the MSF-Cd appeared to be less useful in explaining the interspecies differences in Cd sensitivity. One of the main reasons was that HDP-Cd accounted for as high as 58% of MSF-Cd in C. autotrophica and 41% of MSF-Cd in P. minimum, leading to the different patterns of MSF-Cd and org-Cd accumulation. In previous studies [27, 28] , only <13% of total MSF-Cd was attributed to HDP-Cd in the diatoms. It is possible that the toxicity action sites (e.g., photosystem) of Cd may differ among algal species.
In addition to the organelle fraction, the BDM may also explain the interspecies difference in Cd toxicity in phytoplankton. For example, C. autotrophica had a high percentage of HSP-Cd at a low [Cd 2+ ], suggesting the high capacity of HSP to bind to Cd with a correspondingly high tolerance. However, the involvement of HSP in detoxification was not obvious in the other two species, especially P. minimum. At a high [Cd 2+ ], instead of spilling into the MSF, there was a large increase in the MRG fraction in C. autotrophica, indicating that Cd was probably channeled to MRG for detoxification. Metal detoxification strategies may therefore vary between HSP and MRG under different metal stress conditions. The interplay between HSP and MRG can offer an excellent opportunity to study metal handling and detoxification in marine phytoplankton.
Wang and Wang [30] also found that the intra-Cd/PC-SH stoichiometry, instead of simply PC induction, could explain the differing sensitivities. For example, the diatom had much higher PC synthesis than the other two species, but it also had the highest sensitivity to Cd exposure. The PC detoxification appears to be the lowest in this diatom given its lowest intra-Cd/PC-SH toxicity threshold. There was a positive relationship between intra-Cd/PC-SH and growth inhibition in all three species, but the importance of PCs to the whole detoxification system differs among species. Interestingly, when the intra-Cd/PC-SH reached 33, the growth inhibition in C. autotrophica suddenly slowed down the per unit increase of the intra-Cd/PC-SH ratio. There may be other mechanisms for Cd detoxification to alleviate the growth inhibition in C. autotrophica.
More recently, Wu and Wang [31] also examined the interspecies difference in Hg(II) and MeHg sensitivities among three marine phytoplankton (the diatom T. pseudonana, the green alga C. autotrophica, and the flagellate Isochrysis galbana), coupled with accumulation and subcellular distribution measurements. For MeHg, the interspecies toxic difference varied by a factor of 1.80, with C. autotrophica being the most sensitive to MeHg and T. pseudonana the least sensitive. Difference among the three species was the least when the MeHg concentration was expressed by organelles, MSF, or MRG ( Figure 5 ), again demonstrating that these subcellular fractions were able to explain the interspecies difference in MeHg sensitivity. The diatom T. pseudonana had the lowest cellular burden while C. autotrophica had the highest, consistent with their respective sensitivities towards MeHg exposure.
Data for Hg(II) were rather in contrast to those for MeHg. C. autotrophica, which accumulated the lowest level of Hg(II), was the most tolerant as expected. T. pseudonana accumulated much higher levels of total and intracellular Hg(II) than I. galbana did even though they showed similar sensitivities. One of the explanations was that T. pseudonana had a higher percentage of Hg(II) in the cellular debris than did I. galbana, implying that the cellular debris may play an important role in Hg(II) detoxification. Among the three species, the IC 50 values calculated from the concentrations of Hg(II) in the BDM and the HSP showed the smallest variations (2.0× and 1.6×, respectively), indicating that these indexes may be able to explain the difference in interspecies sensitivity ( Figure 5 ). These Hg(II) data are somewhat different from those of Wang and Wang [30] demonstrating that MSF or organelles was the best predictor Figure 5 The difference between the maximum and minimum median inhibition concentrations (IC 50 ) of the cellular growth rate of three species of marine phytoplankton for MeHg (a) and Hg(II) (b). Data modified from Wu and Wang [31] . MRG: metal-rich granules; HDP: heat-denatured protein; HSP: heat stable protein; MSF: metal-sensitive fraction. BDM: biologically detoxified metals.
of the growth inhibition of marine algae under Cd stress. Detoxification was probably the driving reason for the differential sensitivities of different phytoplankton species to Hg(II).
Invertebrates
In the animal system, there are few applications of the SPM in predicting toxicity. The toxicological implications of different pools of metals remain rather poorly explored. Earlier, Rainbow [6] hypothesized that when accumulated metal destined for storage in detoxified form (e.g., by MT or MRG) exceeds the detoxified binding capacity, the metals are subsequently bound to other (metabolically available) fractions, with the potential to cause toxicity to the organisms. Wallace et al. [32] demonstrated that the prey capture efficiency of the grass shrimp Palaemonetes pugio was correlated with Cd concentrations in the high molecular weight proteins (presumably the HDP). In several studies [33, 34] , the relationships between Cd accumulation and internal distribution, and growth and mortality were examined in a freshwater bivalve Pyganodon grandis in transplant experiments. Bivalves transplanted to the most contaminated sites contained the highest Cd concentrations in the high molecular weight pool (HMW>25 kDa) as well as in the metallothionein pool (Cd-MT). These data suggested that excessive accumulation of Cd in the HMW pool of the gill cytosol of the bivalves may be related to the impairment of population health. However, these authors also noted the difficulty of assigning any predictive role to internal metal partitioning. In these studies, Cd was partitioned into a proposed metal-sensitive fraction consisting of HSP and organelles and a metal detoxified fraction consisting of MT and granules. The distribution of Cd in these fractions is dependent on metal concentration, season, species, and route of exposure [35] [36] [37] .
Tsui and Wang [38] used the internal distribution approach to predict the variations of acute Hg toxicity in Daphnia magna under different temperatures, population origins, body sizes, and Hg pre-exposure. Detoxification and increased tolerance of daphnids to Hg can be achieved by one of mechanisms such as reduced Hg(II) uptake, increased intrinsic tolerance, and increased detoxification. Correlating Hg levels in different compartments with the daphnid survival rate resulted in the following sequence: aqueous Hg>whole body Hg>Hg in the MSF. However, the threshold lethal concentration of Hg (concentration causing 1% mortality) based on the concentration of Hg in the MSF was the best indicator of Hg toxicity. Therefore, the fractionation approach is more useful for explaining sub-lethal Hg toxicity than acute toxicity. This study was probably the first to use the subcellular fraction approach to study the metal acute toxicity in daphnids.
In a subsequent study, Wang and Guan [39] examined the subcellular partitioning of Zn in D. magna under both acute and chronic exposure, again with an aim to test whether metal associated with a specific subcellular fraction can serve as a better predictor of metal toxicity. When the daphnids were exposed to different Zn concentrations for 48 h or to one lethal concentration (1000 g/L) for different durations (time-to-death for up to 47 h), mortality occurred when the newly accumulated Zn concentration reached a threshold level of 40 g/g wet weight (or 320 g/g dry weight). Interestingly, the window for acute Zn toxicity appeared to be extremely narrow, which strongly suggested that there was a threshold level at which acute Zn toxicity was triggered. Thus, it was difficult to observe a typical tissue-dose-versus-toxicity relationship for Zn in Daphnia. For example, at 250 to 340 g (Zn)/L, the mortality rate varied over a range of 18% to 93% as the body Zn concentrations varied only between 200 to 281 g/g dry weight. In these acute toxicity tests, Zn was channelled mostly into the cellular debris fraction, which was presumably the first targeted site of Zn binding. This study also showed that the MSF did not predict the acute Zn toxicity in Daphnia, but a tissue-based Zn accumulation approach with a threshold Zn tissue concentration (40 g/g wet weight) was much better at it.
The lethal threshold concentration of 400 g/g dry weight for Zn in daphnids during acute toxicity tests has a major implication for metal toxicity prediction in daphnids. It will be difficult to calculate the 50% lethal tissue concentration (LT 50 ) simply based on the dose-response relationship. In the BLM, an inherent assumption is that the LT 50 can be calculated from LC 50 . However, the relationship between the total Zn accumulation and mortality was not sigmoid as classically depicted. Mortality coincided with the saturation of Zn accumulation, but no obvious lethality occurred below saturation. It would therefore be interesting to specifically test the lethal Zn concentration under different physicochemical conditions to further improve the BLM.
One of the most interesting ecotoxicological aspects regarding cladocerans is that there are clear differences in metal toxicity among different species. Shaw et al. [40] showed that D. magna was the most tolerant species to Zn and Cd among the different cladocerans species they examined (Daphnia ambigua, Ceriodaphnia dubia, Daphnia pulex, and D. magna). The concentration-response relationships for Cd and Zn in D. magna were also very different from the other daphnid species. It is still not clear whether such differences may be caused by the subcellular partitioning of metals, as is the case for marine phytoplankton discussed above.
During chronic exposure (14 d), there was no observable effect on survivorship and growth at a newly accumulated tissue concentration of over 40 g/g wet weight. Thus, the critical body tissue concentration for Zn became higher during chronic exposure than it did during acute challenge. This increased tolerance may have been due to the acclimation of daphnids to Zn or induction of Zn detoxification. Zn was mainly found in the organelles and HSP fractions during chronic exposure, and subcellular fractionation also could not predict the chronic toxicity of Zn in Daphnia.
Metabolically available metals
There is a rather complex relationship between toxicity and total accumulated metal concentration in most invertebrates capable of detoxification through storing away the accumulated metals. Metals are stored in different forms inside the organisms. One school of thought is that metals in the animals can be divided into different forms: detoxified metals (including storage) and metabolically available metals, or the metal active pool and the metal inactive pool. In a recent study, Rainbow and Luoma [41] constructed a biodynamic model of Zn bioaccumulation in metabolically available and detoxified components in three crustaceans: the caridean decapod Palaemon elegans, the amphipod Orchestia gammarellus and the barnacle Amphibalanus amphitrite. The bioaccumulation model was then linked to the onset of toxic Zn effects in the crustaceans. The premise is that toxicity is related to the total Zn flux rate and the metabolically available Zn concentration instead of the total accumulated metal concentration. Rainbow and Luoma [41] argued that a threshold critical accumulated body concentration cannot account for the metal toxicity, except under specific circumstances in which there was a lack of storage detoxification. Instead, there is a threshold concentration for the metabolically available metal, which may be used to explain the acute toxicity of metals. The ratio of the threshold concen-tration of metabolically available metal to the total accumulated body concentration will vary for different species and under different conditions. Toxicity is induced if the metabolically available concentration exceeds the toxic threshold concentration, or if the Zn influx rate exceeds the combined rates of detoxification and excretion.
The definition of metabolically available metal is somewhat conceptual, unlike the definition of subcellular pools, which are of course operationally defined as well. Rainbow and Luoma [41] defined metabolically available metal as the metal available to bind in the "correct" place to play an essential role, and presumably metal that is already bound "correctly" to play such a role, as in metallo-enzymes. Thus, the metabolically available metal may include firstly the metallothionein (MT), and then the organelles and HSP. Rainbow and Luoma [41] suggested that the metabolically available metal may be estimated theoretically from the essential metabolic requirements of metabolizing tissue, or by measuring the minimum metal concentrations in tissues.
It has been assumed that newly accumulated metals will first enter metabolically available pools, followed by excretion or detoxification. Several studies have tested this hypothesis in marine bivalves [42, 43] . Pan and Wang [43] conducted a series of short-term experiments on the dynamics of subcellular distribution of Cd and Zn in the scallop Chlamys nobilis following dissolved and dietary metal challenges. Significant changes were found in the scallops when they were challenged with different concentrations of metals in the aqueous and food phases. The main binding pool for the newly acquired metals was organelles for Cd and the cellular debris for Zn. HSP was the most important storage pool for Cd in the scallops. In the green mussel Perna viridis, the HDP (involving enzymes) and presumably cellular debris were the first ligands to bind to the metals during the dissolved exposure [42] . These metals were then redistributed from the HDP to HSP, assuming that the first targets of metal attack are the metabolically available pools, and subsequently excreted or stored. However, it is clear that different metals behave very differently in different organisms and under different exposure conditions. In the scallops, Zn was redistributed among the different subcellular compartments much faster than Cd was, suggesting an effective regulation mechanism for Zn.
To conclude, the study of metal toxicity has come a long way, and it is clear that significant progress has been made over the past 30 years. Collaboration between chemists and biologists is important in studying the mechanisms of metal toxicity. Metals are very different and complicated in their interactions with aquatic organisms, thus predicting their toxicity is a daunting task. To further understand metal toxicity, it is important that we continue to study the cellular fates of metals, as well as the handling and sequestration strategies of different organisms. Metal biologists should not be intimidated by simple questions such as "what is the difference between cadmium and copper" or "what is the difference between mussels and oysters". It is these differences that make metal ecotoxicology an intriguing research area. Given the frequent metal pollution incidents in China, metal ecotoxicology should certainly be a major research focus. A fundamental understanding of the environmental and biological behavior of metals is necessary before remediation can be fully implemented.
